The Arctic Ocean has an important role in Earth's climate, both through surface processes 1 such as sea-ice formation and transport, and through the production and export of waters at depth that contribute to the global thermohaline circulation 2, 3 . Deciphering the deep Arctic Ocean's palaeo-oceanographic history is a crucial part of understanding its role in climatic change. Here we show that sedimentary ratios of the radionuclides thorium-230 ( 230 Th) and protactinium-231 ( 231 Pa), which are produced in sea water and removed by particle scavenging on timescales of decades to centuries, respectively 4 , record consistent evidence for the export of 231 Pa from the deep Arctic and may indicate continuous deepwater exchange between the Arctic and Atlantic oceans throughout the past 35,000 years. Seven well-dated box-core records provide a comprehensive overview of 231 Pa and 230 Th burial in Arctic sediments during glacial, deglacial and interglacial conditions. Sedimentary 231 Pa/ 230 Th ratios decrease nearly linearly with increasing water depth above the core sites, indicating efficient particle scavenging in the upper water column and greater influence of removal by lateral transport at depth. Although the measured 230 Th burial is in balance with its production in Arctic sea water, integrated depth profiles for all time intervals reveal a deficit in 231 Pa burial that can be balanced only by lateral export in the water column. Because no enhanced sink for 231 Pa has yet been found in the Arctic, our records suggest that deep-water exchange through the Fram strait may export 231 Pa. Such export may have continued for the past 35,000 years, suggesting a century-scale replacement time for deep waters in the Arctic Ocean since the most recent glaciation and a persistent contribution of Arctic waters to the global ocean circulation.
Waters in the Arctic are freshened by precipitation and run-off, leading to a net shallow freshwater transport into the Nordic seas 1 . Sea-ice production and melting freshen surface waters through salt rejection, and in some marginal settings also produce cold, saline waters that descend into the Arctic basins 2, 3 . These dense waters travel in topographically steered deep currents and eventually transit the Fram strait, the single deep Arctic passage, into the Nordic seas, where they contribute to the production of North Atlantic Deep Water, a major component of the global thermohaline circulation [1] [2] [3] . Beneath the cold, fresh surface, warm, salty, Atlantic-sourced waters fill the Arctic depths above 1 km; these waters may have deepened to dominate Arctic intermediate depths during past colder periods as a result of changes in stratification 5 .Such past changes in water masses may imply changing rates of ventilation and circulation.
Although variations in ratios of 231 Pa and
230
Th in sediment can provide information about past rates of oceanographic processes including deep circulation [6] [7] [8] , these tracers have seldom been applied in Arctic sediments. Measurements of 231 Pa and 230 Th in the modernday Arctic water column [9] [10] [11] [12] [13] Th seawater production ratio of 0.093 (Fig. 2) , indicating export of 231 Pa from all studied sites. The lowest ratios are seen in the deepest parts of box cores 16 and 17, which are more than 35 kyr old; these samples have large uncertainties in their modelled ages, and the low ratios in these oldest sediments may reflect under-correction for radioactive decay since deposition. There is an increase in 231 Pa xs /
Th xs at the deglaciation (here defined as 15-10 kyr ago) in five cores. In the deepest, box core 32, deglacial ratios remain low; in box core 26, at 1-km depth atop the Lomonosov ridge, ratios increase to the value of the seawater production ratio before 16.5 kyr ago. The Th xs ratios reach the production ratio, indicating no local export of 231 Pa, in the deglacial intervals in the two other shallowest cores (box cores 08 and 16, at depths of 1-1.6 km) and remain at the production ratio through the Holocene epoch in box cores 08, 16 and 26.
Holocene ratios in intermediate-depth cores vary between nearproduction-ratio levels similar to those in shallower cores and low ratios similar to those in deeper cores. Box core 17, at a depth of 2.2 km in the Makarov basin, and box core 28, at a depth of 2 km in the Amundsen basin, show synchronous millennial-scale variability in the deglacial and the early Holocene, with the highest peaks in 231 Pa xs / 230 Th xs occurring ,11 kyr ago, followed by peaks ,7.5 kyr ago (Fig. 2 ). Surface-driven records such as vertical particle flux (Supplementary Fig. 1 Th xs ratios for the late glacial, deglacial and Holocene show a strong linear relationship with water depth (Fig. 3) . During each interval, ratios were highest in shallower (1-1.6 km) cores and lowest in deeper (.3 km) cores. The slope of this relationship is greater during the Holocene and deglacial than during the glacial, owing to greater differences in shallow ratios between these times. Although increased particle fluxes could lead to increased scavenging of 231 Pa and, thus, higher ratios, our observed average ratio-depth relationship is not accompanied by any apparent depth trend in Th xs measurements from 3.5-4.5-km water depth in the Eurasian basin 11 show ratios higher than predicted by our depth trend, although all but one still fall below the production ratio. Th, which typically has a short residence time in sea water.
No sink for the 231 Pa exported from our study sites has yet been found in the Arctic. Boundary scavenging, that is, the preferential RESEARCH LETTER removal at higher-particle-flux margins of 231 Pa imported from lowerparticle-flux central basins, has been considered a likely mechanism of 231 Pa removal from the Arctic water column 11, 15, 27 . Models of particlereactive metal transport in the ocean support this proposition and suggest that 230 Th may also be subject to boundary scavenging in the most particle-poor parts of the Arctic Th xs ratios greater than the production ratio at Arctic continental slopes. At the Alaska-Chukchi continental slope in the Canada basin, in which water residence times are greater than 600 yr (ref. 21), and near terrestrial particle sources, core-top ratios are generally less than the production ratio 15 Pa export during the glacial might also be explained by even greater deep-water exchange through the Fram strait than exists today, although it more probably reflects longer residence times for dissolved Arctic 231 Pa before removal by scavenging, and possibly a combination of these factors. Indeed, it seems likely that heavy perennial sea ice in the glacial Arctic led to diminished particle scavenging and, hence, an increase in dissolved 231 Pa concentrations in the water column, resulting in higher 231 Pa concentrations in water exiting the , in glacial-age Arctic sediments are consistent with this hypothesis. The ,40% decrease in glacial scavenging intensity suggested by lower particle fluxes (Supplementary Information) could counter the ,33% increase in 231 Pa export, to result in a small net reduction (,10%) in glacial deep-water outflow through the Fram strait, although the uncertainties associated with these estimates are too large to resolve a change of this scale.
The eventual fate of the 231 Pa exported from the Arctic is presently unknown. Although 231 Pa burial could occur farther south in the Nordic seas or North Atlantic, the Fram strait, with higher particle fluxes due to seasonal productivity, sea-ice transport and nearby terrigenous particle sources, could act as a likely sink for the Th in the Arctic [9] [10] [11] [12] [13] , any decadal-scale exchange would lead to sedimentary 230 Th xs deficits that are not observed 14 . Longer, millennial, timescales of exchange would not allow the widespread net sedimentary 231 Pa xs deficit evident in core tops 11, [15] [16] [17] and our new down-core results. Although our evidence for greater glacial export of 231 Pa is more likely to reflect diminished scavenging than enhanced deep outflow, the persistent outflow from a presumably perennially ice-covered Arctic suggests that the same sea ice and brine formation processes as today probably occurred in recurring open waters at the basin margins. The century-scale deep-water exchange is consistent with a residence time for seawater in the modern Arctic of 120-360 yr (Methods), assuming a volume of 11.455 3 10 6 km 3 and a volume transport through the Fram strait of approximately [1] [2] [3] 15) . It is also consistent with estimates of the 'age' of deep waters in the Arctic basins 20, 21 . Th xs activity ratios. Ratios shown in Fig. 2 were averaged for each core over the Holocene (0-10 kyr ago; a), deglacial (10-15 kyr ago; b) and late glacial (15-35 kyr ago; c). The dashed lines indicate a seawater production ratio of 0.093. Each core is coloured as in Fig. 2 . Ratios decrease nearly linearly with increasing depth during all three climatic periods investigated, although the gradient of this decrease is smaller during the glacial (owing to lower ratios at shallow sites) than during the deglacial and Holocene. Error bars, 1 s.e.; r 2 , coefficient of determination; z, water depth.
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dynamics of the Arctic Ocean at depth, and indicate that the outflow through the Fram strait may have persisted through the very different conditions and dramatic climate changes since the most recent glacial.
METHODS SUMMARY
Cores were sampled in 0.5-cm slices every 1 or 0.5 cm. Sediments were spiked with Th xs values and their ratios 7, 8 ; these ratio values are reported in Supplementary Table 3 , and average values based on these ranges are plotted in Fig. 2 and Supplementary Fig. 1 . Excess values were also corrected for radioactive decay since deposition and ingrowth from authigenic U estimated using the same values for Table 5 ) and incorporating age uncertainty, was ,8%.
The data reported here, and tabulated in Supplementary Information, will be archived in the US NOAA Paleoclimatology database.
Full Methods and any associated references are available in the online version of the paper. Supplementary Information is available in the online version of the paper.
METHODS
Sampling and isotopic analysis. Cores were sampled in 0.5-cm slices every 1 cm (all box cores except 17) or 0.5 cm (box core 17 Th xs values and their ratios; these ratio values are reported in Supplementary  Table 3 . Average values based on the corrected ranges are reported in Supplementary Table 3 and plotted in Fig. 2 and Supplementary Fig. 1 . Excess values were corrected for effects of both radioactive decay since deposition and authigenic ingrowth. (Published core-top excess ratios from other studies discussed in this paper have not been corrected for decay since deposition.)
The uncertainty associated with ICP-MS analysis is estimated to be less than 2% for both the Th xs calculated from replicate analyses was ,8%. Core chronologies. We constructed age models by linear interpolation between radiocarbon-dated intervals, using both published dates 18, 19 and dates new to this study. Radiocarbon ages were converted to calendar years using the CALIB 5.2 program 32 and the MARINECAL 04 marine calibration data set 33 for ages less than 22 kyr, and the calibration from ref. 34 for greater ages 34 . A local difference in reservoir age of DR 5 40 yr, to provide a reservoir age of 440 yr, following the studies in which a number of the dates used here were published 18, 19, 35 , plus an additional 250-yr DR (refs [36] [37] [38] , to account for the likely additional influence of sea ice on air-sea gas exchange, were applied to all ages.
Published radiocarbon dates were measured from samples of the polar planktonic foraminifera Neogloboquadrina pachyderma sinistral, for box cores 08, 16 and 17 18 (from the same subcores that we sampled for nuclide records). Published dates for box core 20 19 were measured in a different subcore from that used for nuclide sampling. Although stratigraphy can vary by several centimetres between subcores of the same box core, our coarse fraction weight per cent record in box core 20 matches the published record 19 quite well, suggesting little stratigraphic offset between that subcore and ours. Dates for box cores 28 and 32 (R. Poore, personal communication) were produced from the same subcores as our radionuclide records. Dates from box core 26 (this study) were measured from N. pachyderma sinistral at the NOSAMS facility at Woods Hole Oceanographic Institution. Additional methods. Biogenic silica contents (Supplementary Table 4 231 Pa from the Arctic Ocean as a whole were calculated using estimates of Arctic water volume, at 0.5-km depth increments, inferred from Arctic basin hyposometry 41 , and the average 231 Pa export within each such water depth increment was inferred from ) by the outflow through the Fram strait 15 (1-3 Sv).
